In search for the origins of the extraordinary low twinning stress of Ni-Mn-Ga magnetic shape memory alloys we studied the thermally induced changes of structure in Ni 50 Mn 25+x Ga 25−x (x=2.7-3.9) single crystal samples and compared them with twinning stress dependences. The alloys exhibited transformation to five-layered (10M) martensite structure between 297 to 328 K. All samples exhibited magnetic shape memory effect. Just below the transformation temperature the samples had very low twinning stress of about 0.1-0.3 MPa, which increased with decreasing temperature. The structural changes were monitored using X-ray diffraction in the temperature range 173-343 K. The 10M structure was approximated by monoclinic lattice with the unit cell derived from the cubic unit cell of the parent L2 1 phase. With decreasing temperature, the lattice parameters a and γ increased, c decreased, while b was nearly constant. For x ≤ 3.5, sudden sharp changes in a and b parameters additionally occurred, resulting in a = b in some regions of the phase diagram, which might be related to the refinement of twin structure of 10M martensite on nanoscale. The temperature dependences of lattice parameter γ (and c or c/a) correlate well with the temperature dependences of twinning stress in agreement with the prediction by a microstructural model of twin boundary motion. On the contrary, there is no correlation between (a − b) and twinning stress. This indicates no significant role of a/b twins or laminate in twin boundary motion mechanism and low twinning stress.
INTRODUCTION

Introduction
Twinning stress is one of the most important parameter of magnetic shape memory alloys (MSMAs). Only with very low twinning stress the MSMAs can exhibit the giant straining in magnetic field mediated by the motion of martensite twin boundaries, which phenomenon is known as magnetic shape memory effect or magnetically induced reorientation (MIR) of martensite [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] . The MIR can be utilized in applications requiring fast actuation with large strain [5] , while the inverse MIR (modification of magnetic field by the ferromagnetic twin microstructure rearrangement) can be used for sensing-type applications or vibrational energy harvesting. It turns out that for good application performance the twinning stress must typically be as low as possible, of the order of 0.1 MPa [10, 11] , or around 1 MPa in certain cases [12] . That is up to three orders lower than the twinning stress of ordinary shape memory materials [13] .
The Ni-Mn-Ga based MSMAs with five-layered (10M) martensite structure demonstrate very low twinning stress, especially for the composition Ni 50 Mn 25+x Ga 25−x , where x =2.7-3.9 [10, 14] . The very low twinning stress of the order of 0.1 MPa or even 0.01 MPa [15] is observed with Type 2 martensite twin boundaries [16, 17, 18, 19, 20] in a broad temperature interval including room temperature [14, 21] . The Type 2 twin boundaries can form in 10M martensite because of the nonnegligible monoclinicity of the nearly tetragonal lattice.
They connect two martensite variants with different orientation of the c-axis by 180 • lattice rotation around the twin shear axis. In contrast, the Type 1 twin boundaries [16, 17] , connecting the two variants by a simple mirroring of the lattice at the twinning plane, show in average ≈1 MPa twinning stress at room temperature. The twinning stress further increases with decreasing temperature with the rate of about 0.04 MPa/K [21, 22] .
The origin of the extraordinary low twinning stress in 10M martensite and sharply different twinning stress of Type 1 and Type 2 twin boundaries and twinning stress temperature dependences have not yet been fully explained, despite of the major significance of the subject for the whole field of MSMAs. Utilizing first-principles atomistic simulations and twin nucleation model based on the Peierls-Nabarro formulation, Wang and Sehitoglu [13] predicted twinning stress of 10M martensite to be 3.5 MPa, which is comparable to experimental value of ≈1 MPa for Type 1 twins. To explain the much lower twinning stress of Type 2 twins, Faran and Shilo [23] suggested that a thicker (more diffuse) Type 2 twin boundaries experience a smaller Peierls energy variation and thus require less driving force to move. Similar argument was presented by Kaufman et al. [24] . Heczko et al. [25] , following reasoning by Salje and Lee et al. [26, 27] , tentatively explained the very low twinning stress of Type 2 twins by flat potential energy landscape on an atomic scale. Theoretical analysis of Rajasekhara and Ferreira [28] , and more detailed analysis of Wang and Sehitoglu [13] and Faran and Shilo [29] show that the twinning stress depends on the shear modulus, the interplanar spacing between the twinning planes, and the Burgers vector of the twin dislocations. The latter two depend on the lattice parameters, and the lattice parameters, in turn, change significantly with temperature [30, 31, 32, 33] .
In relation to lattice parameters it is also interesting to note that Sozinov et al. recently demonstrated that the twinning stress of tetragonal non-modulated (NM) martensite decreased significantly when reducing the c/a ratio, resulting in MIR in NM phase [7] . Seiner et al. [34] suggested that in addition to atomistic models (as e.g. Ref. [13] ), also meso-and microstructure should be considered as an important factor influencing the twinning stress. The particular internal twin microstructure can both decrease or increase the twinning stress considerably and can play important role in the different behavior of Type 1 and Type 2 twins. The developed microstructural model based on elastic continuum theory shows that especially the monoclinic distortion of the lattice represented by a difference in lattice parameters (a − b) and the monoclinic angle γ can control the twinning stress. Thus, from various theoretical analyses and different experiments it seems that the increase of twinning stress with decreasing temperature can be related to the changes in lattice parameters. This motivated the present experimental investigation. It is important to note here that although the twin boundary kinetics in 10M martensite can depend strongly on thermal activation, the thermal activation may play no role in twinning stress [35] .
For example very low ≈0.1-0.3 MPa twinning stress of Type 2 twins down to 1.7 K was reported in Refs. [14, 22] . If there is no role of thermal activation, the direct linking of twinning stress changes with changing lattice geometry or structure becomes highly relevant.
In this article, we investigate the links between the temperature-related increase in twinning stress and the lattice parameters using the direct measurements of both properties on the single crystals exhibiting MIR. We follow the changes of the structure with decreasing temperature in the same single crystals which exhibit the twinning stress of ≈0.1 MPa for Type 2 twins at room temperature. In order to take account of the effects of twin microstructure on twinning stress property, we pay a special attention to the changes in lattice monoclinicity, i.e. to the slight difference between a and b lattice axes and to the slight deviation of the related angle γ from 90 • . The measured temperature dependences of the lattice parameters and changes in lattice monoclinicity are compared with the temperature dependences of twinning stress for Type 1 and Type 2 twin boundaries. Additionally we found previously unreported changes in structure manifested as sudden, nonmonotonous changes in a and b lattice parameters.
Material and methods
Five Ni 50 Mn 25+x Ga 25−x alloys for the study, where x was between 2.7 and 3.9 at.%, Table 1 , were produced by directional solidification in Adaptamat Ltd. The alloys were essentially the same as in our previous reports on the twinning stress [14, 22] . All alloys exhibited five-layered modulated (10M) martensite structure at room temperature. This structure is approximated in this study by a monoclinic lattice with the unit cell derived from the parent cubic L2 1 cell [36] . Using the monoclinic lattice allows to catch the main features of the structural changes without getting entangled into complexity and details of still disputed structure of 10M martensite. Limits of such approach are discussed later in subsection 3.5.
The cuboid single crystal samples of dimensions of 1×2.5×10 mm 3 and 1×2.5×20 mm 3 were cut from heat treated ingots along the {100} planes. All crystals exhibited MIR at room temperature and very low twinning stress of ≈0.1 MPa for Type 2 and ≈1 MPa for Type 1 twins. The temperature dependences of twinning stress of alloys 1-5 were taken from Refs. [14] and [22] , while the additional points for other alloys with x =2.7-3.9 were taken from Ref. [21] .
The nominal compositions of the alloys and the compositions determined using X-ray fluorescence (XRF) spectroscopy are given in Table 1 together with transformation temperatures. The main difference between the alloys is their Mn/Ga content, represented by x. Keeping the Ni content the same and as precisely as possible at 50 at.% is critical since the 10M phase region in Nicontent-temperature phase diagram becomes narrow at low temperatures [10] . Even a very small deviation of Ni content of the order of 0.1 at.% may result in enlarged twinning stress or instability of 10M martensite (see supplementary material of Ref. [14] ). The magnetic and (inter)martensite transformation temperatures given in Table 1 were determined using AC and DC magnetic susceptibility measurements of the particular studied samples, and by complementary optical observations of twin bands (dis)appearance for the case of (reverse) martensite transformation.
The XRD measurements on single crystals were performed using two laboratory diffractometers with parallel beam optics and Euler cradle. We had to resort to non-usual X-ray analysis of single crystal in order to study precisely the same single crystals which exhibited the very low twinning stress and MIR. In previous study Mogylnyy et al. [18] demonstrated that on single crystals of 10M martensite the slight lattice monoclinicity can be seen well as the separation of the relevant diffraction lines such as (400) and (040), and (440) and (440) (adapted to our notation, originally (2 0 10) and The diffraction maxima of the single crystals were first located using ω-and ψ-scans. Then the ω − 2θ scans were measured with corresponding offsets. The obtained diffractograms were evaluated by in-house software that fitted up to six peaks using Pearson VII functions [38] . To achieve relevant precision, the peaks were fitted using K α doublet. The width and shape parameters of Pearson VII function were constrained to have the same value for one diffractogram. That gave good stability of the fit when diffraction lines were overlapped at the cost of slightly reduced fit precision as the assumption of the same width for all diffraction lines was not fully justified.
In order to determine lattice parameter γ, we measured the {440} diffraction lines as they are significantly influenced by this angle. In the monoclinic structure, the equation for the {hkl} diffraction lines is [39] :
The two (440) and (440) diffraction lines in combination with (400) and (040) lines -or for increased precision (600) and (060) lines -provided all necessary information for γ determination. We had four independent measurements to determine three parameters: a, b, and γ. The interplanar distance d hkl was calculated using Bragg's law 2d hkl sin θ = nλ . The search for {440} diffraction lines, however, turned to be somewhat laborious when using powder diffractometers in single crystal studies. Therefore we developed a complementary method for γ determination, which utilized the fact that γ angle is closely related to the angle α observed between the traces of Type 1 and Type 2 twin boundaries on {100} oriented surface [20] (see also Fig. 7 ):
It is important to note here that even very small 
Fine modulation domains can also lead to various tilt of Type 2 twin boundary and a false α reading [25, 40] . Nonetheless, in contrast to a/b-laminate, the modulation domains are often large enough (at least for crystals from Adaptamat) to be identified in optical microscope [36] and are also more easily controlled, for example by mechanical training [41] . We avoided the effect of modulation domains by preferably selecting samples with very large or nearly single modulation domain. In some cases, mechanical training consisting of tensile/compressive loadings was used to change the distribution of modulation domains towards the single domain configuration.
Results and discussion
In the following subsections 3.1 and 3.2 we describe in detail the study of two alloys (alloy 1 and 3) representing typical behavior and then we summarize all observations for all five alloys in subsections 3.3 and 3.4. In subsection 3.5 we discuss the limits of the used lattice approximation. The last two subsections 3.6 and 3.7 provide the comparison of structure evolution with the measured twinning stress. The first subsection 3.1 deals with simple case on which the validity of the structure determination method is demonstrated.
The 10M↔14M↔NM transformation sequence observed in alloy 1
The magnetic susceptibility measured for alloy 1 during cooling and subsequent heating is shown in Fig. 1a .
During cooling from 310 K, there are no significant changes in susceptibility down to T IMT =251 K, where a large sharp jump starts. This first jump in susceptibility is ascribed to the transformation to 14M martensite. During further cooling, start of second jump occurs at T * IMT , which marks the transformation of the 14M martensite to so-called non-modulated (NM, purely tetragonal) martensite with long c-axis. Upon following 
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400 040
Range investigated by XRD Figure 1 : Structural changes in alloy 1: a) DC magnetic susceptibility curve with intermartensite transformation temperatures and corresponding phases 10M, 14M, NM marked. b, c) ω − 2θ scans in selected 2θ intervals performed during quasistatic cooling and heating in temperature range marked in (a). The patterns are normalized to maximum intensity and positioned according to the measurement temperature (axis on the right). The {400} peaks of 10M phase and regions with different phases 10M, 14M, NM are marked. Peak splitting due to K α doublet is marked in Fig. 2b .
heating, the material exhibits again two sharp changes in susceptibility, ascribed to the reverse transformations NM→14M and 14M→10M at T * RIMT and T RIMT , respectively. The different initial and final DC magnetic susceptibility for 10M martensite is easily explained by different twin variant distributions before and after the transformations to other phases.
The 10M↔14M↔NM intermartensite transformation (IMT) sequence is well known and was presented previously e.g. in [42, 43, 44] . As the temperature range investigated by XRD includes the IMTs of alloy 1, Fig. 1a , it is obvious that all the mentioned IMTs shall be reflected in the XRD patterns. The thermal evolution of (004) peak in ω −2θ scans performed during cooling and heating is displayed in Fig. 1b . This and all below discussed diffraction peaks are split due to the presence of K α doublet in the diffraction spectrum. During cooling from room temperature, the (004) peak shifts gradually, indicating the gradual shortening of the c lattice parameter. At 230 K, the peak broadens and then it shifts suddenly to the right at 220 K. That indicates 10M→14M transformation with the mixture of two phases being temporarily present around 230 K. The sudden shift to the larger 2θ marks the sudden contraction of the c lattice parameter and the finish of 10M→14M IMT (i.e., c 10M changed to c 14M and c 10M > c 14M ).
Further cooling resulted in another change of the (004) peak shape at 170 K, at which temperature the peak consisted of two convoluted lines (not counting the K α split). The new line at 2θ ≈ 68.5 • can be ascribed to NM phase; so there is a mixture of NM and 14M martensite at 170 K. Similarly as for the 10M→14M transformation, the NM phase exhibited slightly shorter lattice parameter than the 14M phase. Note that for NM martensite, the described "(004)" line actually corresponds to the (400) NM line and to the short a NM lattice parameter (not to c NM parameter). The different lattice parameters c 10M > c 14M > a NM indicate that the 10M→14M→NM sequence can be induced also by an external compressive stress σ EXT , since the stress will preffer the shorter lattice parameter of the other phase [44] .
The observed transformation to NM martensite is, however, clearly incomplete. The magnetic susceptibility curve indicates that the whole 14M→NM transformation occurs in about 30 K interval and sharply ends, and (040) 14M reflections, previously reported in the literature [8, 45, 46] , and thus we can be quite confident that we really observe the 14M phase. Upon further cooling, these peaks almost disappear at 180 K due to the transformation to NM martensite. Upon following heating, the corresponding reverse transformations occur, resulting in reappearance of the relevant peaks, Fig. 1c .
In summary, we can conclude that alloy 1 exhibits behavior which is expected from the previously known 10M↔14M↔NM transformation sequence. The changes in {400} lines of 10M martensite or corresponding lines of the other phases reflect the thermally-induced changes in 10M lattice and also clearly indicate the IMTs of the 10M↔14M↔NM sequence. The determined lattice parameters of the individual phases have relation c 10M > c 14M > a NM . Importantly we observed also a mixture of 10M+14M and 14M+NM martensites, however, they were only present in limited temperature intervals. The confirmed behavior gave us the confidence that the used method is sound and can be applied to more complicated cases as shown below.
Temperature dependence of a, b, c lattice parameters in alloy 3
The magnetic susceptibility measured for alloy 3 during cooling and following heating is shown in Fig. 2a 
rated. The intermartensite transformation temperatures
T IMT and T * IMT are well below the interval available in the X-ray diffraction measurement and thus none of the 10M↔14M↔NM IMTs can be seen in the XRD patterns.
The (004) peak for alloy 3 monitored during cooling and heating is shown in Fig. 2b . The peak gradually shifts with temperature indicating the gradual changes in c lattice parameter, but there are no sudden shifts as those observed for alloy 1. That is an additional indication that none of the 10M↔14M↔NM transformations occurs. Nonetheless, some subtle changes in structure appear, reflected as changes in (400) and (040) peaks, described below. During cooling, the (400) and (040) peaks only shift slightly with the decreasing temperature at first, Fig. 2c . At 243 K, the peaks suddenly start changing their shape, and at even lower temperature, the two peaks (400) and (040) merge into a single broad peak which looks almost featureless. During the following heating, this broad peak changes only slightly its shape but does not visibly split.
Closer analysis of the selected XRD patterns obtained at 283, 243, and 193 K upon cooling and at 293 K upon heating (marked in Fig. 2c by filled green circles) is shown in Fig. 3 . The analysis reveals that in addition to the two (400) and (040) lines observed e.g. at 283 K, Fig. 3a , a third line appears around 243 K, Fig. 3b . With the temperature decreasing further, this new peak gains intensity on the account of the original (400) peak, Fig. 3c . We assign a ′ lattice parameter to this new line, where a > a ′ > b. As we monitor only few peaks, we cannot decide here whether the new line reflects the growth of "new" martensitic phase or if the same lattice is showing a new type of distortion. The detailed analysis using synchrotron radiation is planned to clarify the issue. Upon following heating from low temperatures, the peak shape also changes with temperature, and the analysis indicates that at 273 K, the XRD pattern can be fit by only a single peak, corresponding to a common lattice constant a = b.
Thus, we observe some kind of structural transformation which results in sudden small sharp changes of a and b lattice parameters but importantly not of c parameter. Similar XRD pattern developments, corresponding to sudden sharp changes in a and b or to a = b, were observed also in alloys 4 and 5. In these cases, however, no third peak was found. All observations are summarized and discussed in the next chapter. 
Temperature dependence of a, b, c lattice parameters summarized for all alloys
The room temperature a, b lattice constants determined during cooling are summarized in Fig. 4a . In agreement with the previous investigation by Lanska et al. [30] , the difference between a and b decreases when the (reverse) martensite transformation temperature approaches the room temperature.
The a and b lattice parameters of all alloys as functions of temperature are displayed in Fig. 4b from the peak analysis, we can state rather confidently that some significant changes in 10M structure related only to a and b lattice parameters occur in alloys 3 and 4 upon heating and cooling. The approximate temperature and compositional region of this "new phase" and of phase with a = b is marked by the green area in the phase diagram in Fig. 6 . New phases were reported in Ni-Mn-Ga before; for example Kim et al. [47] and Kushida et al. [48] indicated new "x-phase" induced in austenite or pre-martensite by compressive stress. However, as we investigate only few lines of a single crystal diffraction pattern, we cannot provide full explanation of the new structure formed. That is beyond the scope of this article and requires further research. Here we can only suggest that for certain composition and temperature ranges, the material transforms to a slightly modified or "new" 10M phase. In our monoclinic approximation this phase exhibits a close to or it is even identical to b (corresponding to the strong a ′ or b lines at low temperatures in Fig. 4d-f) , while the residua of the original phase with a = b remain in the material (and generate the weak (400) or a line). See section 3.5 for further discussion.
Temperature dependence of γ lattice parameter
The γ lattice parameter was determined by two methods: from {440} reflections (Eq. 1) and from optical observations of the angle α between the Type 1 and Type 2 twin boundary traces on the {100} surface (insets in Fig. 7a and Eq. 3). The evident change of angle α with temperature is demonstrated for alloy 1 in Fig. 7a . The α angle decreases with increasing temper- To demonstrate equivalence between two approaches the comparison is made in Fig. 7b ; the filled symbols were determined using Eq. 1, while the open symbols by Eq. 3. It is apparent that both methods yield very similar values of γ. In order to facilitate the comparison with the twinning stress, an alternative plot of γ as a function of relative temperature T − A S is shown in Fig. 8c . All alloys exhibit very similar γ(T − A S ) dependence with γ decreasing with increasing temperature. Near martensite transformation, γ ≈ 90.25
• , while 50 K below the transformation, γ ≈ 90.4 • .
Limits of the used lattice approximation
The used monoclinic lattice approximation and description by a, b, c, γ lattice constants cannot in principle describe fully the 10M structure and its fine structural changes. The changes in diffraction patterns observed in monoclinic approximation as sudden changes in a, b lattice constants may originate also from other effects than the simple change in lattice symmetry. These may be, for example, refinement in the a/b-lamination, changes in twinning periodicity, changes in stacking of basal planes of 10M structure, or, more generally, as refining or coarsening of adaptive martensite [24, 46] . Recently Ge et al. [49] demonstrated gradual change of lattice parameters resulting from the coarsening of nanotwins during the 14M→NM transformation observed by TEM. All the mentioned effects can significantly influence the diffraction pattern and can result in an additional or missing diffraction peaks and consequent difficulties in lattice symmetry determination [50, 51] . In this respect it is also interesting to note that according to Righi et al. [52] , the transformation of the 10M structure from commensurate to incommensurate did not result in sudden changes in a, b lattice constants. Additionally Glavatskyy [33] reported magnetic transitions in the 10M structure, but did not find any sudden changes in lattice constants. In our case, the observed structural transitions do not seem to be of magnetic character, since we did not detect any significant changes in magnetic susceptibility during the sudden small changes in a, b lattice parameters (compare Fig. 2a and Fig. 2c at 240 K).
Relation between lattice parameters and twinning stress for Type 1 twins
For all alloys in the studied composition range, the twinning stress of Type 1 twins increases rapidly with decreasing temperature following an universal dependence with the slope of about 0.04 MPa/K [22, 21] . This dependence is displayed in Fig. 8a by open blue diamonds (alloy 5) and small filled red squares (various alloys from [21] with x = 2.7 − 3.9), and is labeled as "Type 1 twins". The microstructural model by Seiner et al. [34] suggests that the increase originates from the a/b-lamination ({110} compound twins) and thus it is related to the difference between the a and b lattice constants (a − b). Alternatively, it can originate from modulation domains ({100} compound twins) and thus it is related to angle γ, or, more precisely, to γ − 90 within the experimental scatter, with the observed universal dependence of twinning stress of Type 1 twins, Fig. 8a . This suggests that the increase in twinning stress may originate from the γ − 90 • distortion. According to the theoretical model [34] and experimental investigations [37] , the propagating Type 1 twin boundary interacts strongly with modulation domains ({100} compound twins). The modulation domains may be distributed in bulk or may be formed in the vicinity of the propagating boundary [37] . Larger γ − 90 • means that more energy is needed to form, overcome or redistribute the modulation twins, so the positive correlation between γ and twinning stress is expected [34] .
Moreover, the c lattice parameter or c/a ratio exhibits similar dependence in all alloys, Figs. 5 and 8d.
This can be significant because the c/a ratio represents the twinning shear, which must somehow influence the twinning stress. For example in doped NM martensite the twinning stress decreased about tenfold when c/a was reduced by about 5% [7] . Thus, the observed increase of twinning stress with decreasing temperature may be potentially linked to the changes in c or c/a. Nonetheless, c/a as a function of (T − A S ) is slightly different in different alloys, Fig. 8d , and its correlation with twinning stress is slightly less convincing than for the case of γ.
Relation between lattice parameters and twinning stress for Type 2 twins
The temperature dependences of twinning stress for Type 2 twins are given in Fig. 8a for each alloy separately and additionally the observations for various alloys from [21] with x = 2.7 − 3.9 are given as small filled green squares. The dependences are labeled as "Type 2 twins" in the figure. The twinning stress is about constant between A S and some (low) temperature, below which it rises rapidly. This temperature depends on alloy composition and was found to coincide with the equilibrium temperature T 0 = (T IMT + T RIMT )/2, which suggests that the twinning stress rise is related to the emerging embryos of the 14M phase [14] . Alternatively it was suggested that the rise may also originate from changes in the lattice constants and thus we compare here the lattice constants and twinning stress. The comparison can be made only for alloys 1 and 2 and partly for al- 
Conclusions
The temperature dependences of lattice parameters a, b, c, and γ were determined for Ni 50 Mn 25+x Ga 25−x single crystals with 10M structure exhibiting very low twinning stress and magnetically induced reorientation (MIR). With decreasing temperature, the lattice parameters a and monoclinic angle γ increased, c decreased, while b was nearly constant. Sudden large changes of lattice parameters indicate the intermartensite transformation sequence 10M↔14M↔NM. Additionally, in alloys with x ≤ 3.5, we observed small sudden changes in a, b lattice parameters (but not in c parameter) far above the intermartensite transformation temperature. This suggests some fine structural rearrangement of 10M martensite, which may be related to the refinement of twin structure on nanoscale.
The direct comparison of the determined temperature dependences of lattice parameters with the temperature dependence of twinning stress indicate the following:
• Twinning stress of Type 1 twin boundaries is not correlated with (a − b), but it is reasonably correlated with γ, and there is also a reasonable correlation with c or c/a.
• Twinning stress of Type 2 twin boundaries is not correlated with any of the studied lattice parameters.
Thus, in contrast with the microstructural model [34] , the twinning stress of Type 1 twin boundaries does not depend significantly on a/b lamination. On the other
